Background: Epigenetic mechanisms can be highly dynamic, but the cross-talk among them and with the genome is still poorly understood. Many of these mechanisms work at different places in the cell and at different times of organism development. Covalent histone modifications are one of the most complex and studied epigenetic mechanisms involved in cellular reprogramming and development in plants. Therefore, the knowledge of the spatial distribution of histone methylation in different tissues is important to understand their behavior on specific cells. Results: Based on the importance of epigenetic marks for biology, we present a simplified, inexpensive and efficient protocol for in situ immunolocalization on different tissues such as flowers, buds, callus, somatic embryo and meristematic tissue from several plants of agronomical and biological importance. Here, we fully describe all the steps to perform the localization of histone modifications. Using this method, we were able to visualize the distribution of H3K4me3 and H3K9me2 without loss of histological integrity of tissues from several plants, including Agave tequilana, Capsicum chinense, Coffea canephora and Cedrela odorata, as well as Arabidopsis thaliana. Conclusions: There are many protocols to study chromatin modifications; however, most of them are expensive, difficult and require sophisticated equipment. Here, we provide an efficient protocol for in situ localization of histone methylation that dispenses with the use of expensive and sensitive enzymes. The present method can be used to investigate the cellular distribution and localization of a wide array of proteins, which could help to clarify the biological role that they play at specific times and places in different tissues of various plant species.
Background
In eukaryotes, including higher plants, the information deposited in the DNA is found compacted into chromatin. However, additional layers of information, known as epigenetics, are imposed on DNA. Furthermore, different molecules can modify the chromatin structure in many ways. For instance, in plants, DNA can be methylated in the deoxycytocine residues in the context of all sequences, from symmetric CG and CHG (where H = A, T or C) to asymmetric CHH [1] , whereas histones that conform to the nucleosome (H2A, H2B, H3 and H4) can be covalently modified in their N-terminal tails by methylation, acetylation and phosphorylation, among others [2] . All these modifications are dynamic and reversible and, ultimately, play an essential role in the transcriptional regulation of genes [3, 4] .
Recent plant genome-wide analysis, particularly in Arabidopsis thaliana, rice and maize, has been used to increase knowledge of the plant epigenome and its response to environmental stimuli or developmental cues [5] [6] [7] . These studies begin to reveal the correlation between epigenetic marks and transcriptional activity. For instance, it has been shown that the trimethylation of histone H3 at lysine 4 (H3K4me3) is present, most of the time, at the promoter region of genes [5, 7, 8] , while that of the di-and trimethylation of histone H3 at lysine 36 (H3K36me2 and H3K36me3) are distributed over the transcribed region [9, 10] , and both are abundant in highly expressed genes. By contrast, H3K9me2, a mark related to the formation of heterochromatin, has been found in both the promoter and the gene body [11, 12] , whereas H3K27me3 is localized within the gene body [13, 14] . Both marks (H3K9me2 and H3K27me3) have been associated with the repression of transcription [15] .
Several protocols are available to study histones and their modifications, but the majority of them have been done and adapted to the model plant A. thaliana [3, 16, 17] . In addition, other techniques have also been used to examine the spatial distribution of histones and their covalent modifications in the cell, such as fluorescent in situ hybridization (FISH) [18] and immunolocalization [19] [20] [21] . Although these methods have enabled the visualization of histones' changes inside the cell, most of the time these methods are realized through complex techniques. These methods may also require sophisticated equipment, such as cryostat to section plant tissue. Another difficulty in these methods is the use of protease inhibitors and several enzymes to degrade the cell wall; these enzymes are typically expensive and sensitive to degradation. Furthermore, the use of squashing during immunolocalization preparation affects the interpretation of the results because the squashing or protoplasting may alter the cellular structures [22, 23] . Although these mentioned methodologies have been used in many reports, they do not work well for all plant tissues, as other authors have found.
All these technical issues motivated us to find a simple, suitable and inexpensive protocol to detect in situ cellular distribution of histone modifications in a wide array of plants, tissues and conditions (in vitro and ex vitro). In the present work, we describe step-by-step the required instructions to carry out immunolocalization from paraffin-embedded tissue sections, focusing on several species of agronomical interest such as Agave tequilana, Capsicum chinense, Coffea canephora and Cedrela odorata, as well as the model plant A. thaliana. These plants were selected to test our protocol because of their economical and agronomical relevance (A. tequilana, C. canephora, C. chinense and C. odorata) and their molecular importance as a model (A. thaliana). Furthermore, the different behaviors of epigenetic modifications found in these plants could give us a clue about the molecular mechanism that influences their development.
Results and discussion

Immunodetection procedure
In order to provide a suitable and standard methodology for in situ immunolocalization from FAA-fixed and paraffin-embedded plant tissues, we developed a simple and reproducible procedure for in situ immunolocalization in several tissues and plants, improving some of the steps reported by other protocols [23] [24] [25] [26] [27] . For instance, the use of only one step during the protein-antibody interaction has increased the antibodies' efficiency in several tissues in different plant growth conditions. Also, the time of fixation in different kinds of tissues was homogenous in all samples, even for those plants with rigid cell walls and particularly for timber species such as coffee and cedar. In addition, we have discarded the use of enzymes responsible for degrading the cell wall, and the use of dimethylsulfoxide, NP40 and other reagents frequently used to achieve the cellular permeabilization [22, 23, 28] , which increase the cost of the immunolocalization protocols. Instead of all the previously listed chemicals, we used a single step for the recovery of antigen sites without affecting the histological integrity, obtaining a clear-cut protein distribution.
To test the reproducibility of our method, several tissues of different plant species of economical and agronomical interest, such as Agave, chili pepper, coffee, cedar and Arabidopsis were collected and treated under the procedures summarized in Figure 1 . Tissues of several plant species from both ex vitro and in vitro conditions ( Figure 2 ) were fixed in formaldehyde. In most of the protocols, the fixation step must be optimized according to the type of plant or tissue [23, 28] . In the protocol described here, the sample fixation was carried out with final concentration of 3.7% formaldehyde, providing good results. In addition, the formaldehyde promotes a strong preservation of the cellular and chromosomal structure. After the fixation step, the samples were dehydrated and paraffin-embedded in order to obtain a solid sample that would maintain tissue integrity during the sectioning step. Once the sliced sections are obtained, the tissue can be used for subsequent probes or stored at 4°C for several months without loss of integrity.
In order to remove the paraffin from the tissue, the tissue sections were heated at 65°C and rinsed with xylene and then with ultraclear. These steps are needed to allow full elimination of the paraffin residues; otherwise, this substance presents one of principal interferences in the immunodetection process. After total paraffin removal, the tissue samples were rehydrated and the antigen retrieval was performed. This step represents a critical point, because it enables the antibody to access the protein antigens, thus increasing signal intensity during immunodetection [29] .
By nature, some protein epitopes are hidden within the complex structure of proteins, making it difficult to visualize the results during the immunolocalization. In several protocols of in situ hybridization or immunodetection in plants, the use of proteases or enzymes to degrade the cell wall is necessary in order to increase the permeability of the cell and its contents [23, 28, 30] . However, these techniques sometimes fail to achieve an appropriate immunostaining for many proteins. A suitable alternative for the development of antigen retrieval without the use of enzymes, which has been applied for clinical proposes in humans [29] , is through boiling paraffin-embedded sections in the proper buffer. This procedure has the advantage of unmasking the tissue antigens, improving signal detection. Therefore, we investigated whether this procedure can be used in plants. We found that the heat-induced antigen retrieval using microwaved citrate buffer can indeed be applied to plant tissue without loss of histological integrity or protein detection. This step did not affect the tissue integrity in any of the plant species used here ( Figure 3 ; transmitted light) and this step seems to be essential prior to the detection phase. Several protocols indicate that microwave irradiation enhances antigen retrieval, and it has been shown that this procedure is superior to traditional immunoflourescence in mammals [31, 32] . Microwave irradiation has been used in plant tissues [33] [34] [35] , and the use of this procedure improves the fixation process at low concentrations of formaldehyde. It is known that during heating, the energy provided helps to break some of the bonds formed during the fixation, increasing the number of available antigens in the cells and thus improving signal intensity [24, 36] . On the other hand, some reports have proposed that the use of methanol/ acetone solution can preserve cellular architecture, allowing better access of the antibody to the antigen [22, 23] . We tested this option; however, we did not find satisfactory results in most of the plants used (data not shown). Therefore, the antigen retrieval from the microwaved citrate buffer was chosen as a critical and essential step for immunodetection in all species studied here. We have found that the use of citrate solution with the microwave heating treatment increases the immunoreactivity, since the tissues without microwave-citrate treatment showed a substantial decrease or absence of signal (Additional files 1, 2 and 3). Another key factor that directly impacts the immunodetection is the quality of the primary antibodies, because good results obtained by Western blot do not always provide positive results for immunodetection. Therefore, selected monoclonal or polyclonal primary antibody dilutions need to be tested. We obtained satisfactory results using both monoclonal and polyclonal antibodies at a 1:200 dilution, a process which has been tested previously by Western blot and chromatin immunoprecipitation with different plant species [37, 38] . On the other hand, the fluorescence-labeled secondary antibody is also important for the final signal detection, but this type of antibody needs to be chosen according to the microscope filter set and the working dilution should be determined experimentally. Here, Alexa Fluor® 647 at a 1:100 dilution provided good results. It must be noted that once the tissue sections are incubated with the fluorescence-labeled secondary antibody, they should be protected from light during all washes, as well as during DAPI staining and before to confocal analysis. In all steps, it is also important to prevent the tissue from drying, in order to decrease background, false signals or artifacts.
Versatility of the immunodetection method in several plants, tissues and conditions
According to the efficient and reproducible method described above, the results obtained by this protocol show that different plant species (Agave, chili pepper, cedar, coffee and Arabidopsis) can be treated with the same methodological conditions without loss of histological integrity, allowing a good recovery of antigenic sites and culminating with a better signal resolution. We collected material of both ex vitro and in vitro plant tissues, such as A. thaliana callus (in vitro) (Figure 2A ), cedar buds (ex vitro) ( Figure 2B ), Agave plantlet stems (in vitro) ( Figure 2C ), coffee somatic embryos (in vitro) ( Figure 2D ) and chili pepper flowers (ex vitro) ( Figure 2E) , and, in all cases, the reproducibility of our protocol for histone methylation localization was noted.
It was also observed that the signal intensity in all tissues of histone H3 and DAPI was well defined. Furthermore, a clean and clear signal of histone H3 between the cell localization of histone H3 and its localization inside the nucleus was observed (Figures 3) . To discard the effect of autofluorescence, tissue sections were exposed without primary antibodies, which served as the negative control for both tissue sections as well as secondary antibody nonspecificity (data not shown). One of the most studied histone marks in plants and animals is H3K4me3, which is related to gene expression and, therefore, very dynamic [7, 8] . In contrast, H3K9me2 represents a gene-silencing mark that promotes heterochromatin formation [39] .
To test our protocol, we observed the distribution of antagonistic marks (H3K4me3 and H3K9me2) in several plant tissues and conditions (Figures 3 and 4) . It was found that both epigenetic marks were highly dynamic, and these presented different subcellular distributions depending on the tissue of each plant species. For instance, in the somatic embryo at the globular stage of C. canephora, the results revealed that spatial distribution of H3K4me3 was significantly different in comparison with H3K9me2, which presented a slight decrease in its signal in the center of this tissue, the region where the procambium cells would establish ( Figure 3A ). In the callus of A. thaliana, it was observed that the presence of H3K4me3 was prominent in those cells located at the meristematic zones ( Figure 3B ), while the H3K9me2 had lower signal. In the case of the transversal cut of A. tequilana plants, the highest levels of H3K9me2 were detected in cells of the shoot apex in comparison to H3K4me3 ( Figure 3C) .
In the C. chinense flower, a longitudinal cut revealed a low signal of H3K4me3 in the endothecium cells, as well as in the cells of the central lobes of the anthers. However, the levels of H3K9me2 in the same cells were higher than H3K4me3 ( Figure 3D ). In the vegetative bud of C. odorata, specifically in the collenchyma cells and epidermis, the levels of the H3K4me3 and H3K9me2 were similar ( Figure 3E) .
The cellular details observed with this method show, in a more detailed resolution (Figure 4) , that the signal of H3K4me3 and H3K9me2 inside the nucleus of the cells was free of background noise and very specific. For instance, it was found that the cells that contain the strong signal intensity of H3K4me3, which is related to transcriptional activity, was localized mainly in big nucleus, while that of H3K9me2 was observed in the compacted nucleus, particularly restricted to heterochromatic zones (Figure 4 ).
In the case of the globular embryo of C. canephora, the signals of H3K4me3 in the inner cells were clearly visible, which was consistent with the low signal of H3K9me2; this probably suggests a transcriptional activity in this area ( Figure 4A ). This same pattern was also observed in the A. thaliana callus ( Figure 4B ) in the central zone of the meristematic region. On the other hand, in the meristematic cells of the A. tequilana shoot apex, a low signal of H3K4me3 was detected, while high signals of H3K9me2 were seen ( Figure 4C ).
In C. chinense, high levels of H3K9me2 were observed in the endothecium cells (subepidermal layer that develops fibrous wall thickenings in late anther development) but only a slight increase of H3K4me3 in the epidermis cells of the anther lobes was detected. These results could be related to the immature anther, because even the epidermal layer is transcriptionally active, but that frequently disappears before anther maturity to expose the endothecium [40] . In the case of C. odorata, it was possible to detect the distribution of high levels of H3K4me3 in the epidermis cells, whereas H3K9me2 occurs preferentially in the collenchyma cells of the bud ( Figure 4E ). These results provide information about the cell types and their possible activity during the vegetative growth of the buds.
The results presented in this work propose an efficient immunolocalization method that can be used in different plant tissues and plant growth conditions. Moreover, deposition of the epigenetic marks H3K4me3 and H3K9me2 were found in different tissues, including callus, flowers, buds, somatic embryos and vascular procambium, as well as in different conditions (in vitro and ex vitro). The differential localization of the epigenetic marks analyzed with this protocol revealed the complex spatial distribution of H3K4me3 and H3K9me2 that could indicate the efficient use of epigenetic mechanisms by different types of plants and tissues to regulate gene transcription during their growth and development or in response to environmental stimuli [7, 27] .
Conclusions
Here we provide an easy, efficient and inexpensive method to carry out the immunodetection of histone methylation; it is likely to be suitable also for use with a wide spectrum of antibodies. This method has been shown to be effective with several plants of agronomical and biological importance, such as coffee, agave, chili pepper, cedar and Arabidopsis, and in controlled environmental conditions (in vitro), or in looking at plants exposed to uncontrolled conditions or that are difficult to cultivate in the laboratory, such as cedar (ex vitro). Furthermore, in this work, we have shown that antigen retrieval performed by microwave heating and the use of citrate buffer improves the immunodetection process and enhances signal detection and the quality of the immunolocalization. The spatial distribution and cellular localization of the proteins of interest can be obtained by this simple, highly reproducible and inexpensive method, which could be applied to different tissues of other plant species.
Methods
Plant material
Cedrela odorata plantlets and flowers of Capsicum chinense were collected at the greenhouse at CICY, Mérida, Yucatán, México. In vitro Agave tequilana plantlets were cultivated in Murashige & Skoog [41] medium supplemented with 10 mg/L BAP and 0.025 mg/L 2,4-D and cultured under photoperiod conditions (16 hours of light/8 hours of dark at 25°C). Callus of Arabidopsis thaliana (ecotype Col-0) were established from immature zygotic embryos according to Mordhorst et al. [42] and cultured under the same photoperiod conditions described above. Somatic embryos of Coffea canephora were obtained according to the method described by Quiroz-Figueroa et al. [43] .
Reagents
Albumin from bovine serum (BSA) was obtained from Sigma (Cat. # A2153). Anti-histone H3 antibody, CT, pan (α-H3; Cat. # 07-690), anti-trimethyl-histone H3 at lysine 4 (α-H3K4me3; Cat. # 05-745R) and anti-dimethylhistone H3 at lysine 9 (α-H3K9me2; Cat. # 07-441) were purchased from Millipore. Alexa Fluor® 647 goat antirabbit IgG was obtained from Invitrogen (Cat. # A21244). VECTASHIELD® mounting medium with 4,-6-diamidino-2-phenylindole (DAPI) was obtained from Vector laboratories (Cat. # H-1200).
Immunodetection protocol
Each of the plant tissues was collected and fixed in FAA solution [10% formaldehyde (Fischer BioReagents®, BP531), 5% acetic acid (Sigma, 695092), 50% absolute ethanol (Meyer®, 0390)] for 48-72 h at 4°C, changing the FAA solution every 24 h and applying vacuum for 10 min at each change. Then, the FAA was removed and the samples were dehydrated through a gradual increase of 30, 50, 70, 85% (2 × 2 h each) and 96% (2 × 30 min each) of absolute ethanol, applying vacuum for 5 min at each step and maintaining the samples at 4°C. After that, the samples were incubated twice for 24 h each in 100% butanol (J.T. Baker, 9054-03) at room temperature.
To begin the process of embedding the tissue samples in paraffin, fresh butanol and 15-30 flakes of Paraplast Plus® (Sigma, P3683) were added to the samples and incubated overnight at room temperature at 60 rpm. Then, the samples were incubated at 60°C, adding 30-40 flakes of paraffin every 2-3 hours, three times. The excess butanol was removed changing the liquid paraffin every 12 hours, four times. Tissue samples were placed in the center of stainless steel base molds (Fisher Scientific, 15-182-505B) previously heated to 60°C and embedded in paraffin to fill; then, the molds were covered with the cassettes' hold tissue (Fisher Scientific, 15182702A). The cassettes were removed after 3-4 h at room temperature and the paraffin-embedded sample was sectioned into 4-5 μm slices using a retracting microtome (MICROM®, HM 325) with low profile blades (Thermo Scientific, 1407060). The sections were placed in a 42°C water bath to allow the correct expansion of the tissues, and then placed on micro slides (Sigma, S8400). Tissue sections attached to the micro slides were maintained at 37°C at least for 2 hours. From this step, the tissue sections can be stored at 4°C for several months without losing tissue integrity.
Paraffin removal was accomplished as follows: dried sections were incubated at 65°C for 15 min and deparaffinized in slide staining jars (Fisher Scientific, 08-813E) with xylene, (Sigma, 534056) three times for 10 min per rinse, and ultraclear (J.T. Baker, 3905), four times every 15 min per rinse. The ultraclear was removed and the slides were washed twice in absolute ethanol at 100% for 2 min per rinse. Then, the tissue sections were rehydrated with a series of absolute ethanol-water combinations (96, 80, 70, 50 and 30% for 5 min in each step) and water twice (5 min each).
Antigen retrieval was carried out by rinsing the slides in citrate buffer [10 mM Sodium citrate dehydrate (Sigma, W302600) at pH 6 adjusted with 1 N of HCl, and 0.05% Tween® 20 (Sigma, P1379); this solution can be stored at 4°C] and microwave-heated at high power for 4 min. In order to prevent tissue drying during the microwave exposure, the amount of buffer needs to be enough to cover the sample. After heating, the slides were rinsed with warm water to slowly cool the temperature of the slide over 5 min and, then, the slides with the sample tissue were washed three times with PBS buffer [150 mM sodium chloride crystal (J.T. Baker, 3624-01), 10 mM sodium phosphate dibasic (Sigma, S3264), 2 mM potassium phosphate monobasic (Sigma, P5655) pH 7.2 adjusted with 1 N NaOH] for 5 min each. The PBS buffer should be freshly prepared and filtered through a 0.45-μm membrane.
Excess of PBS was carefully removed around the tissue section in the slides with absorbent paper and incubated with 20-30 μl of blocking buffer (3% BSA diluted in PBS buffer) avoiding bubbles. The slides were incubated in a wet chamber for 1 hour at 4°C [wet chamber can be prepared with a moistened Whatman paper placed on the bottom of a petri dish (Sigma, CLS3160100) and tightly sealed with paraffin film]; then, the slides were washed three times with PBS buffer for 5 min each. The excess of PBS was removed again and 20-30 μl of the primary antibody (anti-H3, anti-H3K4me3 and anti-H3K9me2) was added to each tissue section, and then the slides were incubated overnight at 4°C in a wet chamber. After the washes in PBS buffer (3 × 5 min), the PBS was removed and the sections were incubated with 20-30 μl of the fluorescently labeled secondary antibody Alexa Fluor® 647 for another 3 hours in a wet chamber at room temperature. The dilution of both primary and secondary antibodies was performed in 1% BSA diluted in PBS buffer at 1:200 and 1:100, respectively. Subsequent washes in PBS buffer (3 × 10 min) were carried out while protecting the slides from the light. Finally, the tissue sections in the slides were counterstained with 20 μl of Vectashield® mounting medium, with DAPI to stain the DNA, mounted with a 22 × 22 mm cover glass (Sigma, C9802) and sealed around the perimeter with nail polish or a plastic sealant and stored in the dark at 4°C prior to analysis. The photographs were obtained using a confocal laser scanning microscope (Olympus, FV100 SW) and the FV10 ASW 3.1 viewer software. The H3, H3K4me3 and H3K9me2 signals were detected using an excitation wavelength at 650 nm, and the DAPI staining signal was detected using the excitation wavelength of 405 nm.
